The objective of this model-data intercomparison is to determine the feasibility of deriving an useful index for fluctuations in the Pacific to Indian Ocean throughflow volume transport. Due to insufficient direct observations and the present limitations in numerical models, accurate estimation of variations in the throughflow transport on seasonal to interannual timescales is not yet possible; however, an index based on weighted, monthly mean sea level anomalies in different regions of the western Pacific and eastern Indian Oceans is presented. Numerical model results and sea level from the TOPEX/POSEIDON altimeter show that the large-scale pressure gradient forcing of the throughflow is controlled by the Pacifir Ocean side on interannual timescales, and by a combination of Indian Ocean and Pacific Ocean processes on seasonal to annual timescales. The model throughflow is maximum in boreal summer (11 Sv) and minimum in boreal winter (4 Sv) with a 9-year mean of 7.4 Sv. These values are within the range of various estimations of throughflow transport, and they agree in phase. Of the 7.4 Sv model transport, almost 1.8 Sv is due to direct, local wind forcing (based on Ekman calculations). Interannual fluctuations from E1 Nifio-S0uthern Oscillation activity are associated with increases in throughflow transport during cold events and decreases in transport during warm events. Using empirical orthogonal function analysis and results from previous studies, an index of the throughflow variability is developed using model sea level and model transport. Sea level in four regions is found to be sufficient to index the model throughflow variations: south of Java, northwest of Australia, in the Pacific warm pool and off the coast of the Philippines. A regression technique applied to the model sea level at these locations yields an index which correlates with the model throughflow at 0.83. The same weights applied to sea level in similar regions from the TOPEX/POSEIDON altimeter correlate with the model throughflow transport at a level of 0.78. 1.
Introduction
The existence of net flow from the Pacific Ocean to the Indian Ocean through the Indonesian seas has been known since the seminal work of Wyrtki [1961] ; however, the volume transport and its variability still have not been adequately quantified [Godfrey, 1996] . It is thought that this Indonesian throughflow (ITF) has important climate implications both regionally and globally. Thus it is desirable to not only quantify the ITF and its variability, but to monitor it in the long term. been more suitable than those at Darwin for capturing the variability in the driving force, due to the vigorous upwelling which occurs there during the southeast monsoon. However, such observations were not available. The resulting sea level index for the ITF ranged from-9 to 46 cm during the period 1977-1984, with an average annual cycle of 9 to 23 cm. The phase of the annual cycle compared well with the numerical model results of Kindle et al. [1987 Kindle et al. [ , 1989 , but the interannual variations were quite different, and Wyrtki [1987] did not attempt to calibrate the sea level index in terms of volume transport. Interannual variability of the sea level index did not show a good correspondence with model E1 Nifio-Southern Oscillation (ENSO) events, which Wyrtki [1987] believed was due to largescale convergence patterns in the wind field associated with ENSO, with the result that sea level was affected over a broad area without substantially affecting the pressure head. Clarke and Liu [1994] provided a basis for understanding the lack of an ENSO signal in Wyrtki's [1987] sea level index, explaining that the sea level patterns associated with the annual cycle and those associated with interannual variations are quite different and that the simple sea level difference between Davao and Darwin cannot adequately represent both timescales. In particular, these off-equatorial coastal sites are only indirectly related to the equatorial waveguide variations in the Indian and Pacific Oceans associated with ENSO.
Because of the limited number of relevant tide gauge sites with long time series, there was not much prospect of developing a better sea level index. Now, with the availability of high quality satellite timetry data provided by the TOPEX mission, the possibility exists to develop a more accurate representation of the pressure head which drives the ITF and to monitor it as long as such remotely sensed sea level is available. In this study, a numerical model is used in conjunction with the TOPEX data to identify regions of sea level variability on annual and interannual timescales. Due to complex boundaries and coupled processes that occur in this region, and the lack of observations for calibration and validation, numerical models are not yet capable of reproducing verifiable, accurate throughflow variations. It is suggested here, however, that a model be used to identify key regions that are thought to control the pressure-driven aspect of the throughflow. Once these regions have been identified, the model index can be validated against its own throughflow transport variability. A multiple linear regression (MLR) technique is used to optimally fit the sea level at these locations to the model throughflow transport. The weights determined from the MLR fit are then applied to the TOPEX data at similar locations. In the following section, the strategy for developing the throughflow transport index and the data used are described. Next, the throughflow variability from the model is detailed. The derivation of the index is then outlined and applied to the model and TOPEX sea level fields. Finally, some discussion on future work is presented.
Strategy for Sea-Level-Based Monitoring
Our primary objective is to develop a sea-level-based index of the ITF volume transport for use in ongoing monitoring of this important ocean circulation feature and for use in understanding the ITF variability in relation to the interannual variations of the western Pacific warm pool. An important issue is to determine which fraction of the ITF transport is attributable to largescale pressure gradients and which portion is due to directly wind-driven transport. Neither Wyrtki [1987] nor Clarke and Liu [1994] addressed the directly windforced component of transport variation, which may be important on both annual and interannual timescales. Even an optimal sea level index cannot monitor the directly wind-driven component of ITF transport variations.
There are relatively few direct measurements of ITF transport [e.g., Fieux et al., 1994 Fieux et al., , 1996 Molcard et al., 1994] , and there are no such time series of sufficient duration to address interannual variability. The longest time series of estimated ITF transport is that of Meyers et al. [1997] using expendable bathythermograph (XBT) temperature profiles, historical temperature and salinity relationships and geostrophy along a ship route between Australia and Indonesia. While this time series is several years long, it has a relatively short overlap with the TOPEX/POSEIDON data. There are also issues of the reference level and barotropic flow. Until direct time series measurements of transport are sufficiently long, a "bootstrap" approach is necessary. Below, we describe the strategy that we are pursuing. The starting point in the approach to an altimetric sea level index for the ITF transport is to identify an ocean general circulation model (OGCM) which (1) has physics appropriate to the problem, (2) is large in scale (has a domain with tropical and extratropical Pacific and Indian Oceans), (3) has adequate resolution, and (4) is forced by realistic winds. The $emtner and Chervin [1988, 1992] Parallel Ocean Climate Model (POCM) was deemed adequate, as is described below in section 1.3.
Once the dominant patterns of sea level variability associated with significant ITF variability are indentifled within the model, sea level at key locations (averaged over some region to reduce noise) is then correlated with simultaneous model ITF transport to obtain least squares estimates of their weight in determining the pressure head. The model in this study needs to have accurate physics, but the performance of the model in the Indonesian seas need not be exact. Following Wajsowicz [1996] , the throughflow can be viewed as an electric circuit where flow through straits is analogous to resistors. Here the interest is in the total resistance supplied by all the straits.
Once the sea level index has been developed within the POCM framework, the scheme is applied directly to TOPEX/POSEIDON observations. Ultimately, it will be desirable to independently test the skill of the sealevel-based ITF index by comparison against simultaneous transport observations. It may also be necessary to include in situ sea level in order to capture the amplitude maxima that frequently occur along coasts where the altimeter errors are relatively large.
TOPEX/POSEIDON Altimetric Observations
The TOPEX/POSEIDON satellite carries a radar altimetry system specifically designed to measure sea level variability. The satellite was launched in August 1992 and has returned very high quality data since October 1992 with relatively few gaps. A variety of data processing procedures must be performed to the raw data stream [Fu et el., 1994] , resulting in sea level height variability which has an estimated average accuracy of 4-5 cm [Mitchurn, 1994] . Errors are significantly higher in areas where tidal models are not accurate enough to eliminate aliasing by unresolved tidal variability, such as on the continental shelf of northwest Australia and within the Indonesian seas. Hopefully, future improvements in tidal models will make this point mute. Observations are available along the satellite ground tracks (see Figure 1 ) at intervals of 10 days.
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In Figure 3 The EOF spatial patterns not only show an agreement between model and remote observations, but also serve to identify regions of sea level variability that could be used for the ITF index. In this case, the key regions seem to be the western Pacific warm pool, the southern coasts of Sumatra and Java, and the northwestern Australian coast. It would be reasonable, there-fore, to base the ITF index on a combination of sea level signals from at least these locations.
Analysis of Model Throughflow
Given that the POCM captures significant aspects of the dominant modes of sea level variability, the next step is to develop a sea level index for the model ITF. This requires an understanding of the temporal and vertical structure of the ITF and ultimately the dynamics controlling the ITF variability. For this work, the flow in each strait need not be accurate, as long as the total net throughflow is and that storage of water in the region is not an issue. The flow through each strait and the total sum are therefore outlined here. , , I , ,... , I , , i I , , , I , , , I , Timor, and the Sunda Strait (between Sumatra and Java), account for less than 0.5 Sv. In the case of the Sunda Strait, it is because the strait is very small (7 km2). In the case of the Timor Sea, the transport is low due to a large seasonal signal in the velocity, which reverses direction. In January it is toward the east, and in April it is toward the west. The outflow transports are shown in Figure 6 . The total throughflow is computed as a sum between sections 7 through 10 (although in the model, section 9 has zero transport). The resulting throughflow has a mean of 7.4 Sv over the 9-year model run (1987 through 1995). Figure 7 shows the model-derived transport and its annual harmonic. The throughflow was also measured using model velocities normal to a section from Java to Australia, with little difference between this section and the sum of the transports from the aforementioned straits. In order for the transport to change appreciably from one section to the next, sea level would need to change by an unrealistic amount. Therefore storage of water in this region does not seem to be an issue on these timescales. 
This net throughflow agrees quite well with the mod
Ekman and Geostrophic Transports
A calculation of Ekman transport through a section from Java to Australia using the 10 m ECMWF winds from 1987 through 1997 (the same winds used to force the POCM) shows that the ageostrophic portion of the ITF transport is not insignificant (1.8 Sv on average (Figure 8) 5 -, , , i , , • i , , • i , , , i , , , i • , , i , , , I I , I • , , ! , , •/, I , , , I Jan1987 Jan1988 Jan1989 Jan1990 Jan1991 Jan1992 Jan1993 Jan1994 Jan1995
, ..,.,,,,,,,,, ,...,,,,,,, ,..,, ,,,,, ...... .... , , ,, •,l,,,  I,,,  I,,,1,,,  I,,,1,, , 1987 1988 1989 1990 1991 1992 1993 I , , , I ,. • , I , , , I , , , I • • , t , , , I , , , I , , , -1987 1988 1989 1990 1991 1992 1993 1994 1995 The signals from the warm pool are consistent with ENSO activity. The large increase in throughflow in 1995, however, seems to be reflected more in the south Java signal, suggestive of an Indian Ocean source. Sea level anomalies south of Java have a mixture of interannual and annual periods. This region is under the influence of seasonally reversing monsoon winds. During boreal summer and fall, there are strong southeasterlies, which cause offshore flow from Java. This would be reflected in higher sea levels. There are also semiannual Kelvin waves that propagate along the coast, forced by the monsoon transition in the equatorial Indian Ocean and the resulting Wyrtki jet [Gill, 1982] .
The multiple linear regression fit of these sea level anomalies to the total and geostrophic model transport anomalies are shown in Figure 14 . The correlation coefficient R of the index and model ITF transport is 0.83. For the fit to the model transport with Ekman transport removed, the correlation coefficient is 0.71.
Both of these numbers, as well as the R 2 values, are significant at the 95% level. Most of the unexplained variance seems to occur at higher frequency. It could be expected that with more stations (basis functions) an even higher correlation could be achieved.
Finally, the sea level anomalies from the TOPEX altimeter data were used in equation (2). Ideally, the result should be compared to observed throughflow transports. Since there are insufficient records for such a comparison, the result is compared to the POCM transport anomalies. Figure 15 shows the index from TOPEX sea level and the model transport. The two time series have a correlation of 0.78. The 5-day TOPEX data were averaged to monthly mean to compare with the POCM data, but Figure 15 shows the raw data.
Discussion and Future Work
The first objective of this work was to identify appropriate processes important for controlling ITF trans- pkocesses. An optimal indexing scheme therefore would require data on both sides of the ITF region.
The model throughflow has an annual harmonic with a peak in boreal summer (11 Sv) and a minimum in boreal winter (4 Sv). Fluctuations on interannual timescales show the ITF to increase during E1 Nifio (e.g., 1986-1987, 1991, 1992, 1993 ) and decrease during La Nifia (e.g., 1988-1989) . The annual cycle can be explained by direct forcing of the monsoons, which are in the direction of the throughflow during July and August and oppose it in December and January. The interannual variability is a response to the large-scale pressure changes associated with ENSO. During E1 Nifio the sea level in the western Pacific is reduced, and likewise the pressure gradient from the Pacific to the Indian Ocean is reduced. The reverse is true during La Nifia.
It was demonstrated, using both the ECMWF wind field (over a different time period) and the model results, that the directly wind-driven component of the throughflow was not always negligible. The long-term mean is almost 1.8 Sv, but the annual variations can contribute as much as 5 Sv to the ITF during the boreal summer.
Nevertheless, it has been shown that sea level signals over a few well-chosen regions can reasonably index the
